The focus of the present paper deals, for the first time, with commercial UV optical fibers, characterizing their behaviour as they are subjected to very high flux wiggler generated synchrotron radiation. Five distinct types of UV optical fibers, produced by three manufactures, were exposed to total doses between 5 Gy and 2000 Gy. The exposure to synchrotron radiation was performed in two campaigns. The tests were run off-line and considered the dependence of the radiation induced attenuation (RIA) as function of the total dose. The recovery of the radiation induced colour centres was studied at room temperature and after heating the samples up to 560 K. As a première, we also investigated through THz imaging and spectroscopy the irradiated optical fiber samples. Under these conditions, three of the optical fibers proved to be radiation resistant. The two optical fibers sensitive to synchrotron radiation exhibited a linear variation of the optical absorption at the wavelengths of λ = 229 nm, λ = 248 nm, and λ = 265 nm, for total doses between 60 Gy and 2000 Gy. These two samples showed also an increase of the optical absorption in the UV spectral range when heated to 560 K. The optical fibers sensitive to synchrotron radiation can potentially be used for on-line radiation dosimetry.
Introduction
Optical fibers were extensively tested under irradiation in order to assess their radiation resistance. Most of the research targeted communication report on optical fibers for remote control of experiments or for data transfer in radiation environments. The irradiation effects were evaluated as function of the dose rate or total dose [1, 2] . Spectral measurements were done on-line or off-line, mostly in the visible and near IR range, under gamma-ray, X-ray or neutron irradiation [3] [4] [5] . On the other side, optical fiber characteristics degradation was exploited in order to build radiation monitoring systems or dosimeters [6] [7] [8] . The investigated optical fibers were pure or doped silica with: Er [9], Ge [10-15], P [10, 13, [15] [16] [17] , N [12], Al [15, 17] , Ce [18] , Ce/Au [18] . In our previous work, we investigated the possible use of commercial available UV multimode optical fibers for radiation dosimetry, when they were irradiated with electron beam, gamma-ray, Bremsstrahlung or X-rays [19] [20] [21] .
High resolution dosimetry for absolute dose measurements is still a challenge in Microbeam Radiation Therapy (MRT) [22] . Presently, there is no commercial on-line dosimeter to accurately perform absolute dose measurements or to determine the peak and the valley dose, when large factors between ~10-100 are required, with an excellent dynamic range, in the case involving the combination of dose rates of about 16 000 Gy/sec, a relatively low energy spectrum around 100 keV and, an optimal resolution of a few microns. For this reason a rather novel approach was tested at the ID17 Biomedical beamline to investigate the possible use of OF-based dosimeters. In our preliminary study we show that OFs at very high doses are giving promising results, but with a size of 400 micron of the core of the OFs, high resolution dosimetry in MRT can't be performed yet. The use of smaller diameter OFs will be investigated in the future.
The focus of the present paper is, for the first time, the behavior of commercial UV optical fibers as they are subjected to synchrotron radiation. Five different types of UV optical fibers produced by three manufactures were exposed to total doses between 5 Gy and 2000 Gy. The investigations targeted the evaluation of the optical absorption degradation in these optical fibers as function of the total dose received and after the samples were heated. The recovery of this characteristic at room temperature was also studied. The paper reports the radiation resistance of the tested optical fibers, as well as the possible use of UV optical fibers for synchrotron radiation dosimetry. In the case of two optical fibers we noticed an increase of the optical absorption after sample heating. This effect is quite an unusual one, and it has to be further evaluated. For the first time, according to our knowledge, irradiated optical fibers were studied by THz spectroscopy.
Materials and experiments
The results reported in this paper refer only to off-line measurements. The optical fibers subjected to synchrotron irradiation and temperature related tests are listed in Table 1 along with their major characteristics. All the samples have the length of 140 mm. After the irradiation, for all the optical fibers the recovery was measured at room temperature ("test 2").
2 Sample S1 was one more time heated to 560 K after it was cooled at 280 K ("test5").
The five optical fibers were irradiated at the European Synchrotron Radiation Facility (ESRF), in Grenoble to check their possible use in a planned intercomparison project. A 3rd generation Synchrotron Radiation source is available at the ESRF, producing from the 6 GeV circulating electrons in the storage ring a high intensity highly collimated photon beam on ~30 experimental stations around the storage ring. The ID17 Biomedical beamline is equipped with a 21 pole wiggler insertion device to produce photons in the range of radiotherapeutic interest from about 50-350 keV. The actual filtered photon spectrum impinging on the Multi Slit Collimator (MSC) or on our samples for the broad beam irradiations is shown in Fig. 1 .
The irradiation included two campaigns, and was performed in three steps, for eight total doses. During the first campaign samples of the five optical fiber types were irradiated up to 30 Gy, 200 Gy and 1000 Gy. The synchrotron was operated in the bunch mode, maximum machine current at 40 mA [23] . For the second campaign, two sets of pristine optical fibers were irradiated up to 5 Gy and 10 Gy, and the samples irradiated in the first round were further irradiated with a doubled total dose (i.e. 60 Gy, 400 Gy and 2000 Gy), while the synchrotron was operated in the 7/8 th filling mode, at maximum machine current of 200 mA [23]. The irradiated field was 70 mm x 27 mm. The irradiations were done at room temperature. With the different irradiation doses applied we expected at least to observe a linear behavior of the detector, which could be confirmed under certain conditions. Further exposures and measurements will be necessary to determine the lifetime of the detectors.
For the beam dosimetry a PTW pin-point ion chamber (Fig. 2 ) was used to avoid ion recombination correction problems, either in a water tank or in solid water. The PTW pinpoint chamber model TW31014-000981 has a chamber volume of 0.015 cm 3 calibrated with UNIDOS Webline T10022-000118. The dose rate was measured in water @ 2 cm depth for a field size of 2 cm x 2 cm. The reference dose was converted in dose rate including all standard corrections like temperature and pressure. For off-line, measurements removable SMA 906 connectors were mounted at each sample ends after they were carefully polished before each measurement, in order to reduce the coupling loss. Before the irradiation and after each irradiation step the optical absorption of the samples was measured between 225 nm and 900 nm. In each case, the spectral optical absorption was acquired three times, and the reported results corresponding to the mean values obtained, with a mean estimated measuring uncertainty of 0.014 OD.
An automatic setup was used to measure the spectral optical absorption. It is quite similar to that previously used in our investigations [20,24], but some additional functions were added. The newly designed setup makes possible simultaneous measurements of several optical fiber samples. It consists of the S2000 Ocean Optics optical fiber mini spectrometer; the Avantes FOM-UVIR400-2x8, optical fiber multiplexer; the Ocean Optics FVA-UV optical fiber manual attenuator; and the Analytical Instruments System UV/VIS deuterium- tungsten light source, model DT1000CE (Fig. 3 ). The characteristics of the employed instrumentation are: optical fiber spectrometer (0.5 nm spectral resolution, integration time from 3 ms to 60 s, 12 bit data conversion), deuterium-tungsten light source (maximum output fluctuation better than 0.005% p-p, after a 30 s warm-up time), optical fiber manual attenuator (having a spectrally flat attenuation between 0% and 98% transmission, from 200 nm to 2000 nm), and optical fiber multiplexer (2 -8 inputs configuration, switching time of < 60 ms for adjacent positions, optical throughput of about 60%, optical repeatability > 90%).
The optical signal at the output of the light source (1) is attenuated by the optical fiber attenuator (2) in order to avoid the saturation of the signal detected by the mini spectrometer (4), as the light source output is coupled through the spectrometer by the optical fiber multiplexer (3) . The laptop (6) controls both the spectrometer and the multiplexer, to acquire (i) the spectra of the light source, (ii) the dark signal, and (iii) the optical signal passing through the sample optical fibers (5) . These samples are coupled by connecting optical fibers between the corresponding input and the output of the multiplexer. One-by-one the samples are connected between the attenuator and the spectrometer, in such a way that their transmission spectrum is registered. The samples are scanned sequentially under the laptop control and the optical absorption spectra are computed by the LabVIEW VI provided by Ocean Optics, embedded into this application. Because an absorption spectrum is calculated after each measurement, the value of the optical absorption corresponding to each wavelength of interest, selected by the operator, is displayed. Up to five color centers of interest for which the dynamic of the change is evaluated can be selected by the operator. In our case, the wavelengths to be considered of interest, depending on the composition of the investigated optical fiber, are: λ = 215 nm; λ = 229 nm; λ = 248 nm; λ = 265 nm; λ = 330 nm. We selected these wavelengths as they are referred in the published literature [25] . No measurements were performed below 215 nm because of the limitations imposed by the spectral transmission of the connecting optical fibers and of the optical fiber multiplexer. In the meantime, an automatic correction of the absorption spectrum to compensate for the bias induced by the optical fiber multiplexer and the connecting optical fibers was included in the application software. During the data post processing, the absorption spectra are corrected as per the value corresponding to λ = 580 nm, wavelength where no radiation effects were observed. This correction was made by subtracting from the entire spectrum the absorbance corresponding to λ = 580 nm. In this way the displayed values are not affected by the imperfect connections. The measured values of the spectral absorption are represented in this paper as relative values. The absolute values have no significance because of: (i) the bias introduced by the connecting devices, and (ii) the various conditions in which the samples were irradiated and measured. For on-line measurements during the irradiation, the multiplexer channels are scanned periodically and subsequent values of the optical absorption at the specified wavelengths are saved and displayed as function of time, or if the dose rate is provided by the operator, as function of the total dose. The operation is performed for each selected multiplexer channel.
The spectral optical absorption of the samples was measured at the National Institute for Laser, Plasma and Radiation Physics, after each irradiation session. As some manufacturers' data indicate a recovery of the optical absorption even at room temperature, after 10 days from the irradiation, some samples were measured one more time in order to observe the recovery.
Our investigation included also the study of the recovery of irradiation induced color centers as the samples from the second campaign were exposed to a prolonged heating process, at 560 K. The heating was done with a heating rate of 3.45 K/min. (Fig. 4 ). After the 560 K temperature was reached, the samples were kept at this temperature for 20 min. Another assessment of the irradiation effects on UV optical fibers was done through THz imaging and spectroscopy. We compared, for the first time according to our knowledge, the THz spectral reflectance of two optical fiber samples type S1, one subjected to 5 Gy and the other exposed to 2000 Gy. Table 1 . The plots of the spectral optical absorption can be used to assess the radiation hardness of the investigated optical fibers. The data are presented separately for different irradiation campaigns as the irradiation conditions are different (i.e. the irradiation geometry) and the time interval between the irradiation and the measurements in the laboratory is also different (some recovery effects can be present). Only results for the samples affected under specific circumstances by the processes to which they were subjected are mentioned in this paper, while for the other samples only comments are provided, to limit the paper length.
Results and discussions
A comparative representation of the five optical fibers in the UV spectral range before the irradiation and after they were exposed to synchrotron radiation at 5 Gy and 10 Gy is given in Fig. 5 . At these total doses, the most insensitive optical fiber is S3. All the other optical fibers undergo slight changes of the optical absorption, excepting the S5 for which the optical absorption exhibits a peak at 250 nm, for a dose of 10 Gy. For higher total doses (30 Gy, 60 Gy, 200 Gy, 400 Gy, 1000 Gy, and 2000 Gy) the S3, S4, S5 proved to be quite radiation resistant as the UV transmission does not change too much. Exceptions are S1 and S2 (Figs. For some optical fibers we noticed that the data collected at 30 Gy, 200 Gy, 1000 Gy, have higher values than those corresponding to the second round of irradiation (60 Gy, 400 Gy and 2000 Gy). Because the time intervals elapsed between the irradiation at ESRF and the laboratory measurements are different in the two cases we suspected that some recovery phenomenon is active even at room temperature. For this reason, in the next step of our investigation we measured the irradiated optical fibers after they were kept at room temperature for 10 days. All the samples irradiated at 5 Gy, 10 Gy, and 2000 Gy shown a drop of the optical absorption after they were kept for 10 days at room temperature (tests denoted as "test2", as compared to initial measurements -"test1"). The only exception is S5 irradiated at 10 Gy, when no recovery was observed (Fig. 8 ). In this case, a slight decrease can be noticed at 265 nm. The recovery of the optical absorption at room temperature, for the dose of 2000 Gy, is illustrated in Fig. 9 . We were also interested on the recovery process as the samples are subjected to temperature stress. For the total dose of 2000 Gy we heated the samples up to 560 K and kept them to this temperature for 20 min. The results for the five samples are given in Fig. 9 , designated as "test3". For samples S4 and S5 heating of the optical fiber to 560 K contributes a little bit to the decrease of the optical absorption as compared to the effect of the storage at room temperature.
In the case of S3 the sample heating produces an increase of the optical absorption in the 250 nm -450 nm spectral band. A quite unusual behaviour is present in the case of S1 and S2, when the temperature stress to 560 K induces a significant increase of the optical absorption over the entire UV spectrum.
The increase of the optical absorption under heating is not an expected effect, as usually the temperature increase produces a recovery effect [3] [4] [5] . However, recent investigations support the idea of the increase of optical attenuation under thermal excitation. Heat-induced darkening was studied for Yb-doped optical fibers [26, 27] , Ge/P co-doped optical fibers [28] , and more recently for Ge or P doped pure silica or Fluorine-doped optical fibers [29, 30] . It was suggested that thermal activation of additional colour centres, the increase of the absorption cross section, and the temperature dependence of the colour centre absorption are responsible for this effect. The measurements were done at 600 nm, 633 nm, 670 nm, 1310 nm, and 1550 nm. According to our knowledge no data were reported on this phenomenon in the UV spectral range, as some of our present results suggest. For this reason, a separate, more thorough investigation has to be carried out on this issue. Fig. 6 . The irradiation induced optical absorption for S1 (a) and S2 (b), at the total doses of 30 Gy, 200 Gy and 1000 Gy. Fig. 7 . The irradiation induced optical absorption for S1 (a) and S2 (b), at the total doses of 60 Gy, 400 Gy and 2000 Gy.
In the next step of our investigation we cooled the optical fiber samples at the temperature of 280 K for four days and we repeated the optical spectral absorption measurements. The newly acquired data are designated in Fig. 9 as "test4". The sample S1 was one more time heated up to 560 K and its spectral optical absorption was evaluated, in "test5" (Fig. 10) .
The samples cooling do not induce significant changes in the case of samples S1, S3, and S5 as compared to the first heating process results. In the case of samples S2 and S4 the cooling of the irradiated and heated optical fibers changes the spectral optical absorption to values closed to those measured after the irradiation. The second heating of sample S1 does #222748 -$15.00 USD Received 11 Sep 2014; revised 23 Oct 2014; accepted 20 Nov 2014; published 12 Dec 2014 (C) 2014 OSA not produce any modification of the absorption spectrum. This complex dynamics of the irradiation induced colour centres has to be further examined through a separate investigation. Fig. 8 . The irradiation induced optical absorption for S5, at the total dose of 10 Gy, for two tests run at 10 days apart. In Fig. 11 is given, for comparison, the variations of the optical absorption, in the case of the most radiation sensitive optical fibers (S1 and S2), as it was measured for the wavelengths cited in the literature as being of interest [5, 24] : λ = 215 nm; λ = 229 nm; λ = 248 nm; λ = 265 nm; λ = 330 nm. The sample S1 exhibits a linear variation of the optical absorption over the dose range from 60 Gy to 2000 Gy, at the wavelengths of λ = 215 nm, λ = 229 nm, λ = 248 nm, and λ = 265 nm. In the case of sample S2 the optical absorption at λ = 215 nm presents a non-linear variation with a trend of saturation for doses higher than 400 Gy. At wavelengths λ = 229 nm, λ = 248 nm, and λ = 265 nm the change of the optical absorption with dose is quite linear. For both samples (S1 and S2) the optical absorption remains almost unchanged at λ = 330 nm, with the dose increase. Fig. 11 . The changes of the optical absorption as function of the total dose, for sample S1 (a) and sample S2 (b) at several UV wavelengths. Some previous publications focused on the measurement of glass refractive index in the THz spectral range [31] [32] [33] . We completed the test run on the irradiated optical fibers by evaluating the change of their spectral reflectance in the THz domain. The measurements included in this paper are for sample S1. The results were obtained with the TeraView TPS Spectra 3000 model spectrometer with the RIM module, operated in the frequency domain mode, with a scanning resolution of 0.05 mm. Some of the results are provided in Fig. 12 2000 Gy) is illustrated in Figs. 12(a) and 12(c). These images present the sample scanned along the optical fiber axis. In Figs. 12(b) and 12(d) are given the THz spectra in the spectral range 0-1.6 THz, along the longitudinal line passing through the dot marked on the optical fiber core. The THz spectra of sample S1 jacket, cladding-core interface and core, for the total irradiation dose of 5 Gy and 2000 Gy are provided in Figs. 12(e), and respectively 12f. At this point, by introducing for the first time THz spectroscopy as a tool to investigate radiation effects in optical fibers, we consider its potential for the estimation of radiation induced changes as the THz equipment employed makes possible some sort of tomography helping to explore different "layers" of the optical fiber in conjunction with the THz spectral evaluation of radiation induced changes separately for the optical fiber constituents (core, cladding, coating/ jacket). Additionally, it is possible to assess by THz spectroscopy the modification induced by the ionizing radiation on the refractive index or the dielectric constant of different layers forming the optical fiber. The radiation induced damage/ change of the material forming the jacket or optical fiber external reinforcing structure can be also assessed by the proposed method. Figures 12(e) and 12(f) clearly identify the modifications in the THz spectrum of the optical fiber constituents at low (5 Gy) and high (2000 Gy) synchrotron radiation doses. Fig. 12 . The results of THz investigations on sample S1 in frequency domain mode: a -the reflectance imaging along the optical fiber (XY plane), for the dose of 5 Gy; b -the THz reflectance imaging along the depth of a line passing in the optical fiber core (XZ plane), for the dose of 5 Gy; c -the reflectance imaging along the optical fiber, for the dose of 2000 Gy; d -the THz reflectance imaging along the depth of a line passing in the optical fiber core, for the dose of 2000 Gy; e -the THz spectra of the optical fiber core, core-cladding interface, and jacket, for the dose of 5 Gy; f -the THz spectra of the optical fiber core, core-cladding interface, and jacket, for the dose of 2000 Gy. 
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Conclusions and future work
We investigated for the first time the degradation of five commercially available UV optical fibers under synchrotron irradiation. The irradiations were done at the ESRF synchrotron accelerator, in Grenoble. The dose rates were 70.69 Gy/sec/mA and 65.49 Gy/sec/mA for the two campaigns. The total doses were varied between 5 Gy and 2000 Gy. Under these conditions, the S3, S4, and S5 optical fibers proved to be radiation hardened, while the most sensitive optical fiber exposure to synchrotron radiation were S1 and S2. As an exception, the S5 exhibits a peak of the optical absorption at 250 nm, for the total dose of 10 Gy. All the optical fibers showed a recovery of the optical absorption after storage for 10 days at room temperature.
The post irradiation heating of the samples at 560 K induced a slight recover from the irradiation induced colour centres in S4, and S5 optical fibers. As exceptions we notice the behaviour of samples S1 and S2, cases when the optical fiber heating induced, post irradiation, an increase of the optical absorption. Samples S1, S3, and S5 cooling do not produce significant modification of the spectral optical absorption. After the cooling to 280 K, samples S2 and S4 showed an optical absorption spectrum quasi identical to those obtained following the irradiation to 2000 Gy. This phenomenon of unexpected change of the colour centres behaviour with temperature is quite unusual and has to be further investigated.
The samples S1 and S2 shown a linear dependence of the optical absorption at λ = 229 nm, λ = 248 nm, and λ = 265 nm, for total doses between 60 Gy and 2000 Gy, after the second exposure to synchrotron radiation. At λ = 215 nm sample S2 presents a saturation of the optical absorption, while sample S1 optical absorption has a linear variation. For both samples (S1 and S2), the optical absorption remains almost unchanged with the dose increase at λ = 330 nm. This linear dependence on the dose can be used for on line synchrotron radiation dosimetry, if the increase of the optical absorption is monitored at the specified wavelengths. By selecting in an appropriate manner the type of the optical fiber to be subjected to radiation and the dose rate, optical fiber based dosimeters can be developed for on-line dosimetry.
The THz spectral measurements highlighted very clearly the irradiation induced changes in the reflectivity of sample S1.
